Post-Learning Molecular Reactivation Underlies Taste Memory Consolidation by Guzmán-Ramos, Kioko & Bermúdez-Rattoni, Federico
SYSTEMS NEUROSCIENCE
REVIEW ARTICLE
published: 26 September 2011
doi: 10.3389/fnsys.2011.00079
Post-learning molecular reactivation underlies taste
memory consolidation
Kioko Guzmán-Ramos
1 and Federico Bermúdez-Rattoni
1,2*
1 Department of Psychology,Texas A&M University, College Station,TX, USA
2 División de Neurociencias, Instituto de Fisiología Celular, Universidad Nacional Autónoma de México, México City, México
Edited by:
Milagros Gallo, University of Granada,
Spain
Reviewed by:
Milagros Gallo, University of Granada,
Spain
TakashiYamamoto, Osaka University
Graduate School of Dentistry, Japan
*Correspondence:
Federico Bermúdez-Rattoni, División
de Neurociencias, Instituto de
Fisiología Celular, Universidad
Nacional Autónoma de México,
Ciudad Universitaria 04510, México
City, México.
e-mail: fbermude@ifc.unam.mx
It is considered that memory consolidation is a progressive process that requires post-
trial stabilization of the information. In this regard, it has been speculated that waves of
receptors activation, expression of immediate early genes, and replenishment of receptor
subunit pools occur to induce functional or morphological changes to maintain the infor-
mation for longer periods. In this paper, we will review data related to neuronal changes
in the post-acquisition stage of taste aversion learning that could be involved in further
stabilization of the memory trace. In order to achieve such stabilization, evidence suggests
that the functional integrity of the insular cortex (IC) and the amygdala (AMY) is required.
Particularly the increase of extracellular levels of glutamate and activation of N-methyl-D-
aspartate (NMDA) receptors within the IC shows a main role in the consolidation process.
Additionally the modulatory actions of the dopaminergic system in the IC appear to be
involved in the mechanisms that lead to taste aversion memory consolidation through the
activation of pathways related to enhancement of protein synthesis such as the Protein
Kinase A pathway. In summary, we suggest that post-acquisition molecular and neuronal
changes underlying memory consolidation are dependent on the interactions between the
AMY and the IC.
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INTRODUCTION
Memories of aversive events are more likely to persist over time.
The strong and long–lasting representation of these memory
traces may depend on the molecular mechanisms required for the
consolidation process. A good example of a long–lasting mem-
ory trace representation is the conditioned taste aversion (CTA),a
learningmodelwhereanimalsassociateanoveltaste(conditioned
stimulus, CS) with gastric malaise (unconditioned stimulus, US),
decreasing the CS intake in further presentations. This kind of
learning can be acquired with only one-trial and the CS can be
separated from the US by many hours, which allows a temporal
resolution of the mechanisms involved in the gustatory stimulus
acquisition and the further association with the gastric malaise
(Naor and Dudai,1996;Yamamoto et al.,1998;Welzl et al.,2001).
Since this task involves the recognition and avoidance of toxic
and potentially deadly food, the efﬁcient consolidation and stor-
age of this information makes CTA a good model to study the
molecular mechanisms through which memories are established.
Overall, these mechanisms would have to promote synaptic plas-
ticity in the structures that are related to acquisition and storage
of the information; among these, the insular cortex (IC) and the
amygdala (AMY) are key structures involved in acquisition and
consolidation of CTA (Bermudez-Rattoni, 2004).
POST-ACQUISITION ACTIVATION AND TASTE MEMORY
CONSOLIDATION
Formation of long-term memories is based on molecular and
structural changes that allow neuronal networks to stabilize
and support long-term storage. It has been proposed that this
consolidation process relies on memory trace reactivation seen as
neuronal post-learning activity in absence of sensory stimulation.
Tracereactivationtheoryestablishesthattheexpressionofpatterns
of activity in neural ensembles during an experience should be
spontaneously re-activated during subsequent periods of behav-
ioral inactivity: even during post-training wakefulness,indicating
that information can be maintained and processed concurrently
within relevant cortical sites (Hoffman and McNaughton, 2002).
For instance, these authors made simultaneous neural recordings
in the macaque neocortex, i.e., posterior parietal cortex, motor
cortex, somatosensory cortex, and dorsal prefrontal cortex after a
sequential reaching behavior, the simultaneous analysis revealed
that cells in all four areas exhibited similar ﬁring related to the
task, and interestingly those cells tended to be coactive afterward.
Accordingtothishypothesis,memoryconsolidationreliesonreac-
tivation and reorganization of newly acquired information. After
the initial encoding of sensorimotor experience, a series of cellu-
lar, molecular, and systems-level alterations develop over time,
engaging reactivation patterns in neocortical structures during
awareness and sleep periods, stabilizing the initial memory repre-
sentation, converting it into a long–lasting memory trace (Smith,
2001; Robertson et al., 2004; Walker and Stickgold, 2004; Stick-
gold, 2005; Ellenbogen et al., 2006; Gais et al., 2007; Rasch and
Born, 2007). Particularly in CTA learning, there is evidence sug-
gesting that such post-learning activities may be part of the trace
consolidation mechanisms. For instance, single unit recording in
the basolateral nucleus of the amygdala (BLA) showed an increase
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of activity 30min after CS–US pairing (Yamamoto and Fujimoto,
1991), and similar results were obtained from single unit record-
ings in the IC, where 20–30min after CS–US pairing IC neurons
hadanincrementofexcitability(YasoshimaandYamamoto,1998).
These reports suggest that the association between the CS and US
could induce post-acquisition changes that create a long–lasting
activation of these structures that may potentiate synaptic efﬁcacy
even after stimulation has ceased.
CTA CONSOLIDATION: INSULAR CORTEX AND AMYGDALA
Many studies have proven that two temporal lobe structures, the
IC and the amygdala (AMY) are highly involved in taste mem-
ory formation. These studies have demonstrated either by lesions
or by administration of several neurotransmitters antagonists
before the CS presentation, that CTA is affected or impaired in
one or both structures. Although, these effects could be evalu-
ated performing a long-term memory (LTM) test, it is unclear
if the affected stage was the acquisition or the consolidation of
the memory trace. In order to evaluate this, a short-term mem-
ory (STM) test may clarify the role of some neurotransmitter
systems in the different memory stages. For instance, the admin-
istration of scopolamine, a muscarinic antagonist, into the IC
before CTA acquisition affected both STM and LTM indicating
that the LTM effect is attributable to an impairment of the actual
memory trace formation (Naor and Dudai, 1996; Ferreira et al.,
2002). Conversely, blockade of the N-methyl-d-aspartate recep-
tors(NMDAr)beforeCTAtrainingimpairsonlyLTMleavingSTM
intact,indicatingthattheactivityof thesereceptorsisrequiredfor
memory consolidation (Ferreira et al., 2002; Bermudez-Rattoni,
2004). Another neurotransmitter system that has been involved
in CTA memory consolidation is the dopaminergic system. Dis-
ruption of dopamine projections in the IC by the administration
of a catecholaminergic toxin (6-hydroxydopamine) before CTA
training, impairs acquisition of this task (Fernandez-Ruiz et al.,
1993)andtheblockadeof theD1typereceptorsbeforeCTAtrain-
ing impairs LTM (Berman et al.,2000). Accordingly,we have seen
by using in vivo microdialysis that the ﬁrst presentation of taste
stimuli, like saccharin or quinine, induces a signiﬁcant increase
of dopamine release but not glutamate within the IC, suggesting
a differential role of these neurotransmitters in taste processing
(Figures 1A,B). The dopaminergic increment is thought to be
related to the novelty of the stimulus, since the presentation of
water did not induce any signiﬁcant changes in dopamine release
and both saccharin (0.1% v/v, sweet) and quinine (0.005% v/v,
bitter) solutions, being different taste modalities, yet novel stim-
uli, induced a dopamine increase (Guzman-Ramos et al., 2010).
Some evidences show similar results in other structures receiv-
ing dopaminergic aferences such as nucleus accumbens (Bassareo
and Di Chiara, 1997; Feenstra et al., 2000) and prefrontal cortex
(Bassareo and Di Chiara, 1997; Feenstra et al., 2000; Rossetti and
Carboni, 2005; De Leonibus et al., 2006) during the exposure to
novel stimuli. In this regard,it has been considered that dopamin-
ergic responses are not only related to the rewarding quality of the
stimuli, but also to their salience (Ljungberg et al., 1992; Ungless,
2004).Forinstance,asalientnovelgustatorystimulusisimportant
for the animals, since it can produce either favorable or aversive
consequences. Hence, dopamine increase may be a suitable sig-
nal that triggers the mechanisms to store relevant information. In
CTAtraining,wehaveaddressedwhetherthedopaminergicsignal
related to the CS presentation was involved in the acquisition or
the consolidation of the memory trace. To do so, we blocked the
D1receptorsbeforetheCS–USexposureandperformedSTMand
LTM tests. Interestingly, pre-trial treatment only impaired LTM
leaving STM intact; and when the D1 receptors were blocked just
after the CS presentation, neither STM nor LTM were impaired
(Figure 2), indicating that the dopaminergic action within the IC
during the CS processing is involved speciﬁcally on CTA memory
consolidation (Guzman-Ramos et al.,2010).
From this evidence we could say that both STM and LTM
storage mechanisms are triggered during training. Muscarinic
receptors are involved in STM, whereas D1 and NMDA receptors
are activated to further consolidate the memory trace.
PROTEIN SYNTHESIS INVOLVED IN POST-ACQUISITION
ACTIVITY FOR TASTE MEMORY CONSOLIDATION
Among the molecular differences between STM and LTM mech-
anisms is the dependence on protein synthesis (Davis and Squire,
1984;Martin et al.,2000;Dudai,2004). The consolidation process
FIGURE1|( A )Dopamine and (B) glutamate release in the IC during
the exposure to novel gustatory stimuli (saccharin 0.1%, quinine
0.005%) or water. Fractions of 4μL, the ﬁrst three samples are
baseline release before taste stimulation. Data is shown as
mean±SEM;*p <0.05 and **p <0.01 vs. same fraction of control
group and #p <0.05 vs. baseline fractions. A signiﬁcant increase of
dopamine is shown in the IC of groups that were exposed to novel
taste stimulation.
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FIGURE 2 | Short- and long-term memory (STM and LTM) effects of the
intra-cortical infusion of SCH23390, a D1 receptors antagonist, into the
IC. “SCH23390 before” group and a control group that received saline
solution injections (SS before) were injected 15min prior CTA training
(gray triangle) that consisted in the presentation of a saccharine
solution (0.1%) during 15min, followed by an i.p. LiCl administration
(0.4M, 7.5mL/kg). “SCH 23390 after” and SS after groups received the
injections immediately after the saccharin exposure (black triangle). All the
groups showed aversion in the STM test (4h after conditioning), whereas in
the LTM test (72h) only the group that was injected with the D1 antagonist
shows an impairment of consolidation. Saccharin consumption during the
memory tests are expressed as percentage of consumption during
acquisition stage±SEM. *p <0.05.
is thought to be a progressive stabilization that requires time and
involves synaptic plasticity based on the synthesis of new proteins
thatallowneuronalchangesunderlyingthememorytracestorage.
Hence,oneofthemostpopularapproachestostudytheroleofany
brain structure in memory consolidation has been for many years
theadministrationof proteinsynthesisinhibitors.Administration
of anisomycin in the IC before and after the CS presentation has
an effect on LTM (Rosenblum et al., 1993), similarly, the admin-
istration of this drug into the central subnucleus of the amygdala
(CeA),but not in the BLA affects LTM for CTA (Bahar et al.,2003;
De la Cruz et al.,2008; Garcia-DeLaTorre et al., 2009).
As an example of protein expression in the IC and the amyg-
dala related to the CTA consolidation process is the protein c-fos.
This protein is an immediate early gene product that regulates the
transcription of “late response genes” contributing to long-term
neuronal changes (Herdegen and Leah,1998;Walton et al.,1999).
In CTA training, the CS and US association elicits an increase in
c-fos expression in the CeA and in the IC (Yamamoto et al., 1997;
Wilkins and Bernstein, 2006). Furthermore, the local administra-
tion of an antisense oligonucleotide (ASO) in the AMY or in the
IC impaired CTA LTM seen in the 24-h test (Yasoshima et al.,
2006). Consolidation of CTA is also related to the synthesis of
brain-derived neurotrophic factor (BDNF), a neuronal growth
factor that has been involved in plasticity-related events such as
long-term potentiation (LTP; Messaoudi et al., 2002; Bramham
and Messaoudi, 2005) and memory formation of several tasks
(Mizuno et al., 2000; Bekinschtein et al., 2008; Ma et al., 2011).
Taste aversion learning induces an increase of BDNF expression
in the CeA and the IC whereas the inhibition of this expression
by local administration of BDNF ASO affects LTM but not STM
(Ma et al., 2011). Another protein involved in CTA consolidation
is CREB, it has been reported that the administration of ASO of
CREB into the AMY before CTA training produced signiﬁcant
deﬁcits on LTM measured 3–5days after conditioning, however,
STM remained intact (Lamprecht et al., 1997). These particular
examples provide evidence that some proteins engaged in synap-
tic plasticity and memory consolidation are mainly related to the
consolidation of CTA CS–US association and not only to CS or
US exposure, indicating a role in the stabilization of the memory
trace formed by the stimuli pairing.
NEUROTRANSMITTERS INVOLVED IN POST-ACQUISITION
ACTIVITY FOR TASTE MEMORY CONSOLIDATION
It has been proposed that long-term stabilization of memory may
need reactivation of the biochemical pathways that were initially
active during training in order to sustain the levels of proteins
required for the ongoing consolidation process. This hypothesis is
supportedbyevidenceshowingthatNMDAreceptorsynthesisand
activity is required for memory consolidation. In this regard, Cui
et al. (2005) demonstrated by using a speciﬁc inducible knockout
mouse that CTA impairments are evident when the NR1 subunit
of theNMDArintheforebrainregionswasdecreasedfrom1upto
3weeksafterCTAtraining,.Theseresultssuggestthataprolonged
glutamatergic/NMDAr activity is engaged in CTA LTM forma-
tion (Shimizu et al., 2000; Cui et al., 2005). Similarly, memory
impairments for taste aversion memory have been demonstrated
bytheblockadeof NMDAractivityat30,60,or120minafterCTA
acquisition (Gutierrez et al., 2003). Altogether these results are
in accordance with the cellular consolidation theory stating that
molecularchangesthatunderlieconsolidationmightoccurwithin
hours or even days after the post-trial stage. Within these molec-
ular changes neurotransmitters release has been scarcely studied.
Recently, we have reported by using in vivo microdialysis that the
CS–US pairing in CTA training induces a signiﬁcant concomi-
tant increase of glutamate and dopamine within the IC. As we
can see in Figure 3, while monitoring CTA training, saccharin
exposure induces a dopamine increase and the LiCl administra-
tion induces a glutamate increase in the IC. Interestingly, about
40min after the association of both stimuli, dopamine and gluta-
mate extracellular levels showed again a signiﬁcant and transient
increase. Nonetheless, this phenomenon was not related to the
CS or US presentation alone, since saccharin followed by NaCl
administration, or water followed by LiCl did not produce any
of thepost-acquisitionneurotransmittersreleaseasobservedafter
the saccharin–LiCl association. Furthermore, the backward con-
ditioning, which involves the same stimuli that were associated,
failed to induce such post-learning changes in dopamine and
glutamate. Altogether, these results indicated that only the for-
ward association of the stimuli induced post-trial increments of
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FIGURE 3 | Extracellular dopamine and glutamate levels in the IC
increase concomitantly in the post-acquisition period of CTA training.
(A) Dopamine monitoring: SAC-LiCl, conditioned group (n=10) received
0.1% saccharin solution followed by 0.4M LiCl i.p. injection (7 .5mL/kg);
SAC-NaCl, non-conditioned group (n=7) received 0.1% saccharin solution
followed by 0.4M NaCl i.p. injection (7 .5mL/kg); the CS elicited a dopamine
increase in both groups but only the conditioned group showed a
post-acquisition increase in the 88-min fraction. (B) Glutamate responses
monitoring in conditioned and non-conditioned groups, the US elicited an
increment in the SAC-LiCl group due to the LiCl injection but only the
conditioned group showed a post-acquisition increase in the 92-min
fraction. (C) Dopamine responses of control groups to stimuli: H2O–LiCl
group (n=5) received tap water followed by 0.4M LiCl i.p.; H2O–NaCl
group (n=6) received tap water followed by 0.4M NaCl i.p.; Dopamine
levels are signiﬁcantly different during saccharin exposure that during water
exposure and showed no post-acquisition increments. (D) Glutamate
responses to the LiCl and NaCl injection showed no post-acquisition
changes, only the one related to the US. (E) Dopamine responses during
backward conditioning: LiCl-SAC (n=7), received 0.4M LiCl i.p., and later, a
0.1% (wt/vol) saccharin solution; there is no post-acquisition increment. (F)
Glutamate response during the backward conditioning. Graphics expressed
as means of % baseline release±SEM. *p <0.05, and **p <0.01 vs.
control group and #p <0.05 vs. baseline release (Guzman-Ramos et al.,
2010).
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glutamate and dopamine. These neurochemical signals appear to
be related speciﬁcally to the consolidation process,since blockade
of the NMDAr in the post-acquisition stage impairs only long,
but not STM and the simultaneous blockade of the dopaminergic
D1receptorsandtheNMDAinducesagreaterimpairmentinCTA
consolidation,suggestingasynergicroleof theseneurotransmitter
systems (Guzman-Ramos et al.,2010).
A considerable amount of evidence indicates that D1 recep-
tors activity can modify the strength of synaptic transmission,
potentiatingNMDArconductancebymeansofNR1subunitphos-
phorylation through PKA, enhancing the excitability of neurons
and leading to a cooperative action that may strengthen the mem-
ory trace formation (Cepeda et al., 1998; Wang and O’Donnell,
2001; Jay, 2003; Tseng and O’Donnell, 2003, 2004; Hallett et al.,
2006). The role of the dopaminergic system in synaptic plasticity
and memory consolidation has been proven,particularly through
the activation of cAMP/PKA/CREB pathway involving protein
synthesis induction (see Jay, 2003). Similarly, dopamine has also
beenrelatedtothepersistenceof theLTMtrace,sincetheintrahip-
pocampal infusion of a D1 agonist 9h after training in a one-step
inhibitory avoidance task makes a weak training last longer, indi-
cating that dopaminergic signal can modulate the maintenance of
LTM storage through a post-acquisition activity (Rossato et al.,
2009).
Further mechanisms are involved in the long-term mainte-
nance of the CTA memory trace, for instance, the cortical activity
of PKM ζ, a Protein Kinase C (PKC) isoform that is persistently
active after the consolidation period, is necessary for persistence
of memory for several weeks and even after 3months from the
CTA training; the blockade of this enzyme in the IC impairs LTM
inanapparentlyirreversibleway(Shemaetal.,2007,2009).More-
over, the over expression of PKM ζ in this brain structure about
2weeks after training, enhances LTM performance in the CTA
tests (Shema et al.,2011). On the other hand,the post-acquisition
blockade of PKM ζ in the BLA has no effect on LTM maintenance,
but PKM ζ inactivation 15min after CS presentation, in the CS–
US interval, produces a signiﬁcant effect on taste aversion tested
2days after conditioning (Gamiz and Gallo, 2011). This implies
that CTA memory trace maintenance is dependent on the activity
of this enzyme within the IC, and its role on the AMY may be
related to the acquisition stage.
AMYGDALA AND INSULAR CORTEX INTERACTION ON CTA
LONG-TERM STORAGE
The amygdala and the IC have reciprocal projections (Pitkanen,
2000; Price, 2003); and some data suggests that the BLA projec-
tion to the gustatory cortex is important for the taste aversion
memory stabilization. For instance,it has been demonstrated that
tetanic stimulation of BLA induces LTP in the IC, increasing the
neuronal response to low frequency stimulation (Escobar et al.,
1998b; Jones et al., 1999). Thus, LTP induction in the BLA–IC
projection before CTA acquisition enhances this task retention by
making the extinction process slower (Escobar and Bermudez-
Rattoni,2000). In agreement with the role of NMDAr on memory
consolidation,itwasdemonstratedthatsuchpotentiationdepends
on the NMDAr activity in the IC, since intra-cortical admin-
istration of antagonists of this receptors impair both CTA and
LTP induction in the BLA–IC pathway (Escobar et al., 1998a,b).
Conversely, the possibility that amygdala NMDA activation could
improvetasteaversivememoryhasbeendemonstrated.Thus,BLA
administration of glutamate before the gastric malaise induction
during CTA training enhances aversive taste memory formation,
and local administration of an NMDAr antagonist in the IC 1h
after conditioning impaired taste aversion memory enhancement
(Ferreira et al., 2005). This suggests that the interaction among
amygdala and IC through the glutamatergic system could con-
tributetotheCTAmemorytraceestablishmentandconsolidation
even in post-acquisition stages. In this regard, amygdala post-
acquisition activity seems to be required for CTA consolidation
since the reversible inactivation of this structure by tetrodotoxin
(TTX,a voltage-sensitive sodium channel blocker) 15min and up
to 1.5h after CS–US pairing attenuates CTA memory, such atten-
uation is inversely proportional to the time interval between the
acquisitionandtheintra-amygdalarinjectionof TTX(Roldanand
Bures, 1994).
The amygdala functional integrity is also required for afore-
mentioned post-acquisition neurochemical changes seen in the
IC related to previous CS–US association; thus reversible post-
acquisition blockade of the amygdala with bilateral TTX infusion
hinderedpost-acquisitionglutamateanddopamineincrementsin
the IC and impaired CTA consolidation (Guzman-Ramos et al.,
2010).Accordingly,these results indicate that amygdala activation
is associated to IC post-acquisition activity. In addition, it would
be possible that the amygdala needs to be re-activated after the
acquisition of the task to outline the memory trace, which is con-
sistentwiththeevidencethatpost-trainingbrainactivityisrelated
to previous learning experience (Peigneux et al., 2006; Eschenko
and Sara, 2008; Lansink et al., 2008; Marrone et al., 2008). Par-
ticularly in the amygdala, single unit recordings of spontaneous
activityrevealedthattheﬁringrateofBLAneuronsincreasedgrad-
ually after inhibitory avoidance training (tone paired with foot-
shock), peaking at 30–50min post-shock (Pelletier et al., 2005),
a time frame that goes in accordance with the neurochemical
reactivation herein described and with the effect of amygdalar
post-acquisition manipulations that enhance memory. There is
ample literature showing that emotionally arousing experiences
have been related to increase in stress hormones such as gluco-
corticoids, exerting their central effect in the amygdala through
the activation of β-adrenergic receptors (Ferry et al., 1999; Ferry
and McGaugh, 2000; Roozendaal, 2000; McGaugh and Roozen-
daal, 2002). In this regard, CTA memory retention is enhanced
after post-acquisition administration of corticosterone into the
BLA and the IC (Miranda et al., 2008). Taken together, these
results support the idea that keeping emotional experience in the
long-term requires amygdala activity not only during the acquisi-
tion period through stimuli signaling, but through post-learning
stages.
The post-acquisition engagement of the amygdalar activity has
been related to the idea of spontaneous oscillatory activity in this
structure that is generated by emotionally arousing conditions.
Thus,neuronal recordings in freely moving animals have revealed
that during these kind of experiences the ﬁring rate of the BLA
neurons increases and it is synchronized trough a theta frequency
(4–7Hz; Pelletier and Pare, 2004). Since theta activity dominates
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during the learning period (Pare and Collins, 2000; Seidenbecher
et al., 2003) the main consequence of the amygdalar oscillations
is to produce temporal windows of neuronal discharging that
facilitates the interaction among the structures that synchronized
during the acquisition period (Pare et al., 2002), as could be the
caseofICandAMYduringCTA.Thisway,thetafrequencyactivity
wouldenhancethedepolarizationofafferentstructuresgenerating
a neurochemical reactivation and promoting synaptic plasticity.
For instance, it has been reported that CTA training produces an
incrementinBLA–ICfunctionalconnectivityseenasanincreased
correlation in the activity of simultaneously recorded neurons of
thesestructures(Grossmanetal.,2008).Therefore,plasticchanges
underlying memory trace consolidation,may need reactivation of
particular biochemical pathways to sustain the levels of proteins
that are required for the consolidation of memory (Wang et al.,
2006).
POST-TRAINING MOLECULAR CHANGES INVOLVED IN
MEMORY CONSOLIDATION
In order to consolidate a memory trace the activation of several
intracellular pathways must be triggered modulating protein syn-
thesis and synaptic plasticity. For instance, the activation of the
extracellular responsive kinase 1–2 (ERK1–2) in the IC is required
for long- but not STM of CTA (Berman et al., 1998). However
the implications of this kinase in post-acquisition stages of this
task have not been assessed. Interestingly,a fear conditioning task
induces two waves of ERK1–2 activation in the lateral amygdala
and the BLA, the ﬁst 60min after conditioning and the second
one about 6h post-acquisition (Triﬁlieff et al., 2006). Similarly,
a 60-min increase in ERK1–2 activity after paired presentation
of tone and shock has been reported, and this effect is absent
with the presentation of the CS or the US alone, or an unpaired
tone-shock presentation (Schafe et al., 1999); which implies that
the learning experience generates delayed reactivations that could
be involved in the consolidation process. In a similar way, PKA
activity is required for long-term stabilization of CTA memory,
the inhibition of PKA in the IC during the post-acquisition stage
impairslong-butnotSTM(Guzman-Ramosetal.,2010),inaccor-
dance with the dopamine and glutamate reactivations that are
shown in this structure. Hence, dopaminergic modulation may
facilitate the reactivation of PKA in aversive associative tasks, for
instance the blockade of D1 receptors in the hippocampus after
3 or 6h impair one-step inhibitory avoidance consolidation, and
that the inhibition of PKA on the same temporal patterns ren-
ders the same effect (Bernabeu et al., 1997). As mentioned, the
activation of kinases has a modulatory effect on protein synthesis
and particularly expression of IEG like c-fos. In this regard, there
is evidence of IEG expression after post-acquisition reactivation
related to previous learning; that is, rats trained in the odor dis-
criminationtaskhadmorec-fosexpressionthanunpairedcontrol
ratsintheirprelimbiccortex,ventrolateralorbitalcortex,andBLA
(TronelandSara,2002).Similarly,inaone-triallearningparadigm
inwhichmicelearnedtoenteradarkcompartmenttoescapefrom
an aversively illuminated area showed more Arg 3.1/Arc mRNA
expression 15min and 4.5h post-training detected speciﬁcally in
the learning group when compared to the control or the retrieval
groups (Montag-Sallaz and Montag,2003).
This kind of monitoring of protein expression after learn-
ing should provide patterns about the timeline of the required
neuronal changes that underlie memory stabilization in the long-
term. In this regard, CTA consolidation and some related protein
expressionwaveshasbeenreported,theIEGHZF-3increasesinthe
BLA at 1 and 3h after CTA conditioning and this up-regulation
is not present with the presentation of the ﬂavor or the malaise
inductiononly,supportingtheideaof aspeciﬁcroleintheassocia-
tivelearning(Geetal.,2003).Recentreportsshowedaninteresting
temporal dichotomy in the expression of BDNF in the IC and
nuclei of the amygdala. Thus, from 2 to 6h after CTA condition-
ing there was a signiﬁcant BDNF increase within the CeA, and
from 4 to 6h an increase was observed in the IC and in the BLA,
these up-regulations were related to the association of the stimuli,
since the CS or the US alone and a delayed paring of CS–US did
not induce BDNF increases (Ma et al.,2011).
CONCLUSION
Aswehaveseen,manyofthepost-acquisitionmolecularchangesin
the amygdala or in the IC overlap shortly after conditioning,form
45min to 1h,and other waves of activity in at least 6h,suggesting
that there is a time frame where neurochemical changes trigger
receptors and kinases activation leading to increased expression
of proteins required for memory consolidation. Whether such
reactivations are occurring repeatedly is still unclear, but several
reports have indicated reactivation activity within a time frame
thatgoesinaccordancewithcellularconsolidationtheory(Dudai,
2004).Thus,theneuronalchangescausedbyup-regulationofpro-
tein synthesis within the learning-engaged structures may occur
within few hours or even days, as the Cui et al. (2005) have sug-
gested. Such protein synthesis induction appears to be related to
spontaneous activity after the exposure to the information (i.e.,
CS–US association). These kinds of mechanisms involved in the
progressive stabilization of the information may be related to
the salience of such information, or what we have been calling
“emotional memories,” which may be of life-saving importance
for the animal. Such is the case of CTA learning where a speciﬁc
ﬂavor may be toxic and could have deadly consequences in the
future. The relevance of the information may induce mechanisms
that reinforce the memory trace in an efﬁcient way to prompt
retrieval and adequate behavioral change. We propose that this
could be achieved by post-acquisition reactivation signals dur-
ingpost-trainingwakefulness.Asmentioned,simultaneousneural
recordings in the macaque neocortex, revealed that cells in all
four areas exhibited ﬁring related to the task (sequential reaching
behavior), and those cells tended to be coactive afterward (Hoff-
man and McNaughton, 2002). Another example is the sequential
replay in hippocampal place cells, where population activity in
the hippocampus was recorded while rats ran back and forth on
a linear track for a water reward at each end. During the run,
each neuron’s ﬁring was tuned to a particular location along the
track, which was stable from lap to lap. These locations deﬁne a
temporalsequenceof place-cellﬁringonthetimescaleof seconds.
During awake period immediately after the spatial task, the same
neurons ﬁred again on the timescale of hundreds of milliseconds,
but in the reverse temporal order, which may serve to propagate
informationfromtherewardedlocationbackwardalongincoming
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trajectories (Foster and Wilson, 2006; Diba and Buzsaki, 2007). It
issuggestedthatsuchreplaymightconstituteageneralmechanism
of learningandmemorybecausethisismorereadilyobservablein
a new environment than a familiar one (Foster andWilson,2006).
We propose that in CTA memory the post-acquisition activity
involves amygdalar spontaneous reactivation that triggers neu-
ronal changes within the IC since it can engage into oscillatory
activity related to emotional learning promoting the facilitation
of the neuronal interactions strengthening the memory trace.
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